I. Introduction
Before the time of this research, Russian investigators had obtained equation-of-state data on iron, nickel, copper, lead, titanium, molybdenum, zinc, tin, cadmium, and tantalum in the pressure region up to about 10 megabars (Mbars). (See Al'tshuler, Reference 1.) In spite of the progress made in attaining higher pressures, a great gap still existed between the attained experimental pressures and the region of compressions that could be reliably calculated theoretically.
The theoretical description of the thermodynamic properties of solids and liquids at the high pressures that are developed in powerful shock waves constitutes a very complicated problem. The pressures at which the Thomas-Fermi or Thomas-Fermi-Dirac models can be considered to be valid are very high-of the order of 10 7 Mbars or so-for elements of high atomic number and even greater for the elements of low atomic number. At pressures less than those at which the Thomas-Fermi or Thomas-Fermi-Dirac models are valid, the degeneracy in the electronic states is removed, and the atomic interiors assume a more intricate structure not immediately describable in terms of the amorphous electronic charge to be used as the inhomogeneous term in Poisson's equation.
The purposes of this experiment were as follows:
• to develop the techniques that extract the maximum information from radiographs of materials at very high pressures, and
• to extend the equation-of-state data to pressures greater than 10 Mars.
It is hoped that theoretical equation-of-state work can be done later. The present experiment consists of imploding a sphere of metal with a spherical explosive system. Some of the materials that could be studied are aluminum, iron, and lead. Aluminum was used in the first experiments because of the available information in the literature.
In this discussion, the following two assumptions will be made:
• The measured pressure, volume, and energy (P, V, E) states are states of thermodynamic equilibrium. (This assumption neglects effects such as fluid viscosity, heat conduction, thermodynamic nonequilibrium, and time-dependent phase transitions.)
• The compression for a given pressure is the same as that which would be produced by a hydrostatic pressure of the same magnitude.
The following equations can be obtained by applying the principles of conservation of mass, momentum, and energy to the shock front:
For continuous flow, 
where U is the shock velocity, ρ is the density, u is the particle velocity, P is the pressure, and E is the internal energy per unit mass. The subscripts 0 and 1 refer to quantities ahead of and behind the shock front, respectively. A typical shock-wave profile is shown in Figure 1 below.
In the flow illustrated in Figure 1 , the disturbance corresponding to the shock front is propagated with a velocity U into an undisturbed state defined by pressure P 0 , density ρ 0 (= 1/V 0 ), and mass velocity u 0 = 0. The pressure, density, and mass velocity behind the front are denoted by P 1 , ρ 1 , and u 1 , respectively. E 0 and E 1 are the internal energies ahead of and behind the shock wave, respectively. 
The unknowns in the above equations are U, ρ 1 , u 1 , P 1 , and E 1 . The quantities U and ρ 1 can be experimentally measured. (See Section II.) Using the jump conditions and knowing U and ρ 1 , one can determine u 1 , P 1 , and E 1 . The P, V, E equation of state is therefore known along the Hugoniot. Theoretical arguments may then be used to extend this P, V, E equation of state to an area of the P-V plane neighboring the Hugoniot.
Temperatures both along the Hugoniot and at other points in the P-V plane can also be calculated.
Profiles of the pressure, particle velocity, and internal energy can be obtained by integration of the conservation equations for continuous flow.
II. Foil Technique
The experimental technique to be used consists of embedding foils in spheres of the material to be studied. (Spheres are used because maximum compression can be achieved in a spherical implosion.) These foils will be displaced if the material is shocked, and displacement of the foils will give a measure of the space distribution of the compression of the material. Using a series of radiographs taken at different times t n , the curves in Figures 2 and 3 can be obtained. Figure 2 shows a plot of R S , the position of the shock wave, versus time. The slope at a particular time t n , of the R S -versus-time curve yields the shock velocity U at t n . 
Problems Involved Using Foils
There are many important and difficult questions that arise when one is considering the use of foils. Some of these questions are as follows:
• What material should be used for the foil?
• Where should the foils be placed in the sphere?
• Should the foils be spherical, planar, or in some other geometry?
• What should the foil separation be?
• What should the foil thickness be?
• How accurately must the initial and final foil positions be determined?
Some of these questions can be answered immediately. The others will be discussed in the sections that follow.
The criterion used to answer these questions is simply that the maximum information should be extracted with the least possible error. This rule is easier to state than to apply.
In order to reduce the error in the determination of the initial and final foil positions, it is necessary to use foils that will produce good radiographic contrast. If a low-density material is being studied, then a high-density foil must be used. Since the material to be used in the exploratory shots was aluminum, it was decided to use gold foils for this case.
Spherical foils were considered but quickly rejected because they give very limited information. If four spherical foils were used, there would be only four initial and four final foil positions. Planar foils give more information than spherical foils. Consider the sphere with embedded planar foils in Figure 4 . From foil 1, a continuum of values for r i ranging from a 1 to b can be obtained. Similarly, from foil 2, a continuum of values for r i ranging from b 1 to b can be obtained. Furthermore, it is desirable to place the planar foils in the sphere where they will receive relatively large displacements and in an initial position such that part of the foil will be close to the shock front at radiograph time. The optimum foil thickness is a quantity that lies between the optimum radiographic foil thickness and the optimum hydrodynamic foil thickness. Thick foils produce better radiographic edges, while thin foils upset the hydrodynamics to a lesser degree. Static radiographs of gold foils embedded in aluminum models indicate that 0.002-in. gold foils are the thinnest foils that are useful radiographically. It appears, based on other foil experiments, that this thickness of foils will not upset the hydrodynamics significantly.
III. Thought Experiment Using W-4 Calculations
Calculations done by Group W-4 were used in performing a thought experiment. The W-4 POLO code can follow the position of mass points as a function of time. (The POLO code also gives profiles of density, particle velocity, pressure, and internal energy.) The code partitions the pit into 100 or more equally spaced mass points (The number of mass points depends on the size of the pit.) Assuming a given high-explosives (HE) configuration driving the implosion and a given pit size, the W-4 POLO code can follow the position of the mass points as a function of time. However, the code can only plot 10 equally spaced mass points. A typical mass point position-versus-time curve is shown in Figure 5 . This information was used in the thought experiment to determine the position of the foils at various times. (Within the reading error, it is assumed that the foil positions are known exactly.) In the actual experiment, this information is obtained by a series of radiographs at many different times. Nine mass points are shown in Figure 6 . They are equally spaced radially at the initial time. 
It is assumed that r i is known with infinite precision. Hence, it is chosen as the independent variable.
The density profile at time t n is given by the equation The calculation of ρ ( ) r f and the standard deviation in ρ ( ) r f are done by a code called RHO, which was written at GMX-11.
The back-surface position is an important data point in the r i -versus-r f curve. This data point is computed by a code called LSF, also written at GMX-11, which passes a least-squares-fit circle through the data points that lie on the back surface of the imploded sphere.
Figures 7, 8, and 9 show actual r i -versus-r f curves (obtained from the W-4 code) at three different times. The density profiles obtained from these curves are shown by the finite series of points in Figures 10, 11 , and 12. The solid curve in Figures 10, 11 , and 12 is the density profile as calculated by the W-4 code. As noted before, within the reading error, it is assumed that r i and r f are known exactly. In order to see what the experimental uncertainty in r f would do to the density profile, random errors up to about 0.0076 cm were distributed on r f . Figure 13 shows some of these results. Figure 12 , showing the solid dots, is repeated for comparison. The data depicted by the symbols ο, ∆, and + were obtained from r i -versus-r f curves that had random errors in r f . None of the curves were in good agreement with the W-4 results at the profile front or at the tail. This situation resulted from the fact that the r i -versus-r f curve did not have many data points in these two regions. In spite of this situation, the thought experiment demonstrated which regions on the ρ ( ) r curve provided information with the least error. For example, in Figure 12 , there is a wide region over which the "thought experiment" measurement of ρ ( ) r is within 2% of the W-4 calculation, and this fact emerges with no other adjustment of data.
A tabulation that allows comparison of thought-experiment data and W-4 data appears as Table 1 . Figure 14 is a plot of this Hugoniot data. The two thought-experiment data points that lie far from the curve are data points for early values of time. At these early times, the "experimental" values for the densities differed considerably from the W-4 values. There were few r i and r f data points, a situation that led to a large error in the slope and consequently in the density. The propagation of errors determined the errors in the Hugoniot data.
At the time, the described techniques were applied only to the inward-moving shock. However, these techniques could also be applied to the outward-moving shock wave. Thus, in principle at least, the expansion of the compressed pit can yield isentropic data.
IV. Radiographs of Models
Guided by W-4 calculations, aluminum models were built that simulated displaced planar foils. The gold foils were conically shaped in this case. (The results of W-4 differed only slightly from conical geometry, but such a surface would be much more difficult to machine. The conical surface represented a good approximation.) A radiograph of a typical model is shown in Figure 15 . Figure 16 is an overlay of Figure 15 . Here θ 1 = 1˚40', and θ 2 = 3˚19'. Radiographs of the models were studied on the Richardson viewer. When measuring these angles, the author found an error of +8' in θ 1 and an error of +5' in θ 2 . The difficulty in making this measurement was in determining the apex.
Of course, in a dynamic radiograph, the surfaces on which the foils lie are not expected to be conical, and hence, the profiles of these surfaces will not be straight lines. A more meaningful measurement would be to take (x,y) data points on the conical foils in Figure 15 , plot these data points, and see whether they do lie on a straight line. This task has been done. The results shown in Figure 17 are for the straight lines determined by θ 1 = 1˚40'. There is considerable scatter in the data. We believe that this scatter can be reduced by practice in the reading of foil edges. In an actual experiment, other factors will contribute to error in edge determination. A radiograph is obtained by exposing an object to x-rays for a finite length of time, usually 0.2 µs on the Pulsed High Energy Radiograph Machine Emitting X-rays. In a dynamic radiograph, the pit and foil material will be in motion. Thus, the radiograph is a time smear of this motion over 0.2 µs. In addition, compression of the pit will contribute to greater scatter of the x-rays, which will further deteriorate foil and back-surface positions. Figure 18 shows a typical superposition of static and dynamic radiographs. The fiducials have been used to reference one radiograph to another. Static radiographs using R and M films indicate that it may be feasible to take the static and dynamic radiographs on the same film. This approach would eliminate the need for the fiducials. Figure 19 is a double-exposed radiograph of an aluminum sphere with embedded 0.002-in. gold foils. The model was exposed in place, lowered 0.040 in., and exposed again. The foil positions before and after lowering are clearly visible. A double exposure of static and dynamic radiographs will not show foil positions as well. However, radiographs such as the one in Figure 19 help place an upper bound on the best radiographs that can be expected in actual experiments. 
V. Details of Data Analysis

